Abstract: This paper analyzes the dynamics of U.S. automobile gasoline consumption since 1975. Using background literature on the history of domestic fuel economy and energy policy, I establish a conceptual model that explains historical trends in adoption of increased fuel economy. I then create a system dynamics simulation model to understand the relationship between increased fuel economy standards and potential changes to gas tax policies. The model suggests that when increases in mandated fuel economy are not conducted in an environment with rising fuel costs, fuel economy improvements may be directly counteracted by shifting tastes of consumers towards larger automobiles with lower fuel economy.
Introduction
The United States' transportation system has distinguished itself as one of the most gasoline-reliant systems in the world; U.S. gasoline consumption has increased throughout the past five decades, jumping from 1.9 billion barrels in 1960 to 4.9 billion barrels in 2010 [1] . As the single most important daily mode of transportation, the demographic layout of U.S. cities and businesses has been changed since the diffusion of the American automobile. However, the use of gasoline as the primary fuel for the overwhelming majority of automobiles in America has not come without problems. Over the last several decades, the United States has witnessed an enormous volatility in the market for gasoline,
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derived from both the lack of stability in foreign countries that produce oil, and in the collusion of those countries to increase prices worldwide [2, 3] . Adding to this volatility, concerns about domestic pollution, excessive resource consumption, and climate change have created many delicate economic and social issues that surround the market for gasoline.
As a result, although policy makers have identified dependence on imported oil as an urgent energy, economic and national security concern, the gap between domestic consumption and domestic production is more than 50 percent of total oil consumption; by 2030 imports are predicted to reach 68 percent of U.S. petroleum consumption [4] . Complicating this are a number of policy problems that result from federal fuel economy standards and taxes, including concerns over vehicle safety, comfort, and consumer choice, and the economic impacts of regulation on automobile sales [5] .
In this article, I present a system dynamics computer simulation model of American automobile fuel economy in order to better understand the relationship between increased fuel economy standards and potential changes to gas tax policies. System dynamics modeling allows us to simulate different policy strategies in order to understand system feedback effects, such as those that may result from recent efforts to increase fuel economy (e.g., [6] ), and proposals for increases in fuel taxes [7] .
The model suggests that, when increases in mandated fuel economy are not conducted in an environment with rising marginal driving costs (fuel costs), fuel economy improvements may be directly counteracted by shifting tastes of consumers towards larger automobiles with lower fuel economy.
This article begins with a review of literature on U.S. gasoline consumption and fuel economy policy, focusing on the two primary initiatives for reducing domestic gasoline consumption, including (1) the Corporate Average Fuel Economy Standards (CAFE) for cars and light trucks and (2) gasoline taxes paid by consumers at the pump. Next, I use historical data and trends to form a dynamic hypothesis of U.S. automobile fuel economy, which facilities examination of non-intuitive feedback effects from mandated increases in fuel economy. I then use this dynamic hypothesis to create a system dynamics model that attempts to replicate the structure of this system and the historical trends that have been observed since the early 1970s. In analyzing this model, sensitive testing is performed on variables that effect gasoline consumption. Finally, I conclude by offering recommendations for further action and research on fleet-level automobile fuel economy.
Background
In 1973, the Organization of Petroleum Exporting Countries (OPEC) used its cartel power to triple U.S. crude oil prices from ~$20 to ~$59 per barrel (2010$) ( Figure 1 ; [8, 9] ). Although manufacturers and drivers discovered ways to economize following this spike in oil prices, policymakers felt that market forces would fail to adequately reduce American energy consumption and dependence on foreign oil [10] . Therefore, in 1975, the Federal Energy Administration, an executive agency created to "assist in developing policies and plans to meet the energy needs of the Nation, (15 U.S.C. 61B §761)," extended controls to domestic crude oil and refined-product prices, reducing them well below world prices, and far below prevailing estimates of future prices [10] .
Although artificially low prices undercut conservation efforts, Congress was unwilling to allow prices to rise due to fears that rising prices would have negative effects on the overall rate of inflation and on distributional equity. Instead, Congress focused on the reduction of oil consumption by automobiles as an efficient way of decreasing the U.S. reliance on foreign oil. Rather than allowing fuel prices to rise, policy was directed towards higher fuel-economy standards to influence the design of new fuel-efficient automobiles [10] . ; [1, 11, 12] ).
Starting in 1978, the Energy Policy and Conservation Act of 1975 (42 USC §6201) imposed the
Corporate Average Fuel Economy (CAFE) standards on all automobile manufacturers operating in the United States [13] . Under CAFE, the average fuel consumption of the fleet of cars and light trucks [14] sold by a manufacturer in a given year could not exceed a specified level. The standards are a weighted average, meaning that manufacturers can continue selling a mix of efficient and inefficient vehicles; the fuel-inefficiencies of large cars (high cost to make fuel-efficient) are offset by efficiencies of small cars (inexpensive to increase efficiency to exceed CAFE standards).
The historical progression of the CAFE standards and fuel economy of the American auto fleet is shown in Figure 2 , starting with the major efficiency increases during the tumultuous period following the 1970s oil embargo. At the time CAFE standards were enacted, light trucks were primarily used as commercial and agricultural work vehicles and represented a relatively small portion of the automobile market. Thus, a lower CAFE standard was established for light trucks (including most sport utility vehicles (SUVs) and all mini-vans) than for passenger cars [15] . In the 1980s, when OPEC stopped restraining output and real gasoline prices began to decline, CAFE standards were no longer increased. More recently, the U.S. Congress passed the Energy Independence and Security Act of 2007 [16] , mandating that the combined fleet of all passenger cars and light trucks sold by all manufacturers in the U.S. in model year 2020 exceed 35 MPG. Under the 2008-2011 standards [17] , fuel economy standards are now based on continuous mathematical formula related fuel economy to vehicle "footprint" size (the product of multiplying wheelbase by track width). Under this model, smaller trucks have higher fuel economy targets than larger trucks, and manufacturers making larger trucks are allowed to meet a lower overall target. With no remaining requirements for manufacturers to meet any particular overall actual MPG target, overall fuel economy will depend on the mix of vehicles purchased by consumers. In 2009, regulations covering model years 2012-2016 were issued requiring average fuel economy increases to 39 MPG for cars and 30 mpg for trucks (35.5 MPG fleet average) by 2016. In 2011, the U.S. Environmental Protection Agency (EPA) and Department of Transportation (DOT) and U.S. DOT issued the most recent regulations increasing fuel economy to 54.5 MPG by 2025 [18] . To give this context to other countries around the world, the European Union has proposed a 64.8 MPG target by 2020, while Japan has proposed a 55.1 MPG standard by 2020 [19] . 
Has CAFE Worked?
Has CAFE has been successful in reducing the United States' consumption of oil? To simply point to increased fuel economy in the U.S. over the past thirty years as CAFE's success may confound the effects of the fuel economy standards with the symptoms that caused them to be instituted. In order to properly analyze the fuel consumption dilemma, we must look at the actual results of the CAFE program and examine briefly how the standards have altered gasoline consumption.
I can break the question of CAFE's effectiveness into three components. First, how have CAFE standards affected the fuel economy (miles per gallon; MPG) of new cars being sold? Second, how have the changes in new cars affected the composition and age of the overall car and light truck fleets that are in use today? Finally, to what extent have changes in fuel economy been offset by increases in the vehicle-miles traveled (VMT) of the average American driver? Addressing these three questions will help to explore the policy issues that surround the CAFE standards and their implementation.
The CAFE standards have greatly improved the fuel economy of new cars, on average. During the late 1970s, lighter cars, greater horsepower-to-weight ratios, smaller engine sizes, front-wheel drive, and other engineering improvements led to a 50 percent increase in average fuel efficiency of the new vehicle fleet [21, 22] . However, most of this efficiency improvement occurred in the late 1970s, during which real retail gasoline prices doubled from approximately $1.35 in 1972 to around $2.59 in 1981 (2005$; [8] ). This price increase makes it difficult to determine whether CAFE was responsible 
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Car CAFE Standard New Cars Car Fleet Truck CAFE Standard New Trucks Truck Fleet for increased fuel economy, or whether it was purely market forces causing increased demand of fuel economy vehicles. Only when prices fell in the 1980s did the major automakers begin to have difficulty meeting the CAFE standards (i.e., getting consumers to purchase high-MPG cars). Based on Figures 1 and 2 , it could be argued that CAFE standards rose only when the market would demand greater fuel economy from new automobiles being introduced into the fleet. However, CAFE standards stopped rising when they began to require manufacturers to produce more fuel-efficient cars than consumers wanted to buy. Although automakers worked within the CAFE regulatory framework and attempted to maximize the features valued by drivers, consumers stopped factoring fuel economy as highly into their new vehicle choices when fuel prices fell in the 1980s [10] . Since consumers were purchasing enough low-MPG vehicles that automakers would fail to meet the minimum fleet-average MPG CAFE standards, automakers reacted with huge price markups on inefficient vehicles to compensate [8] .
During this period, when larger, less efficient vehicles became more expensive, consumers reacted in unexpected ways ( Figure 3 ). Many consumers continued to purchase more expensive, low-MPG vehicles, which were much more appealing (and viewed as safer and more comfortable), while a modest fraction began purchasing cheaper, high-MPG vehicles. However, many consumers reacted by purchasing vans, Sports Utility Vehicles (SUVs) and light trucks, or by continuing to drive their older cars. Between 1977 and 1995, the average age of registered vehicles rose from 5.6 years old to 8.3 years old [23] ; stated differently: in 1980, 8% of all registered cars were retired from the active fleet, while only 6% were retired in 1993 [10] . These data imply that the growth of the new-vehicle market was slowed due to the fact that existing vehicles were made to last longer by their owners. The only recent data available on average vehicle age is shown in Figure 3b . [24] .
In 1980, light truck sales made up 18% of the total sales of consumer automobiles (~10.9 million total vehicles). By 1993, truck sales had risen to 37%, and by 1997 surpassed those of cars [8] . As of 2010, trucks made up over 52% of the U.S. light vehicle market [25] . Much of this market share All Vehicles transition has been explained by Bradsher [26] , who explains how manufacturers reacted to falling gasoline prices, particularly by providing the lead in producing more SUVs that were not required to meet the CAFE standards for cars, changing them to be more car-like, and advertising in the earlier years of their growth (late 1980s through the 1990s) to convince consumers that SUVs were strong substitutes for cars. I can address the structural cause of fuel consumption dynamics by looking more directly at how CAFE has affected driving habits. While CAFE made new cars more expensive in the short term, it did little to raise the marginal cost of driving. As the economy of new cars doubled, the gasoline component of the costs of driving one mile decreased by half, thereby leading to a "rebound effect," whereby consumers are incentivized to drive farther and more often ( [27] ; although more recent research has estimated this effect to be declining over time [28] ). Complicating our understanding of the dynamics of fuel economy and VMT is the growing number of vehicles and drivers on the road. Concurrent with increasing urbanization in the United States between 1980 and 2010, the total number of vehicle-miles traveled (VMT) nearly doubled to ~3 trillion miles, which increased transportation-related gasoline consumption by 37.4% (~883 million barrels per year) [11, 12] .
CAFE opponents often argue that fuel economy increases will be very expensive unless the size and weight of new cars are decreased significantly, thereby leading to decreased safety and comfort [29] . The National Highway Traffic Safety Administration (NHTSA) has studied CAFE's effects on weight and size reduction, concluding that the standards increased fatalities by ~2000 per year between 1985 and 1993 [30] . More recent work has confirmed that weight decreases can increase fatality rates [31] . Opponents have also historically pointed out that CAFE increases force automakers to manufacture and sell cars that are not only expensive (expensive fuel economy research and development), but are met with low public demand when gas prices are low, since "…consumers are more interested in vehicle size and utility than in fuel economy [32] ."
The Role of Gasoline Taxes
The CAFE standards are almost entirely directed at the supply side of the automobile market (e.g., CAFE does not incentivize auto maintenance after purchase). The introduction of a gas tax as a method of reducing gasoline consumption has been touted as an efficient solution to many of CAFE's side effects, since the CAFE standards are less effective at sending price signals to affect consumer decisions when gas prices are low [8] . In view of this major policy shortcoming, would higher fuel prices elicit a greater consumer response to the attempt to decreased gasoline consumption? Research has shown that both drivers and automakers respond to increased fuel prices by adjusting the fuel economy of the cars they purchase or manufacture.
The link between gasoline consumption and price can be explored by looking at the enormous literature that has developed on estimating the price elasticity of gasoline E f . While estimates of this value figures vary widely, meta-analyses [33, 34] have estimated short-term elasticities of −0.01 to −0.57 (mean = −0.25), while long-term estimates are between 0 and -1.81 (mean = -0.64; [34] ). One of the same meta-analyses also shows that per vehicle VMT, reacts to gasoline prices changes with a similar elasticity (between −0.69 and −0.33, mean = −0.51; [34] ). Evidence has shown that higher fuel prices induce improvements in the technical fuel economy of a vehicle after about a four-year lag due to the time that manufacturers require to adjust vehicle their vehicle designs [10] . Additionally, research has calculated that manufacturers adjust the price of new vehicles based on gasoline prices, offsetting future discounted gasoline price increases or decreases incurred by consumers. For example, in response to a one dollar increase in gasoline prices, Langer and Miller [35] found an average reduction of $792 for cars and $981 for SUVs (price changes for trucks and vans were not statistically significant), which, substantially offset the discounted future gasoline expenditures incurred by consumers [36] .
Many arguments against gasoline taxation that are based on macroeconomic merits assume that the revenue generated by the tax would not be filtered back into the economy, either by reductions in other taxes, or by increased governmental services to reduce the costs of externalities caused by the use of gasoline [8, 10] . Cashell and Lazzari [37] argued that if the CAFE program was ended, and a 25-cent fuel excise tax was introduced, the U.S. GDP would decrease by 0.1-0.2% for approximately 3 years. More recently, the Congressional Budget Office [38] estimated that a 46 cent-per-gallon increase in federal gasoline taxes would cost the U.S. economy $2.9 billion annually (or roughly ~$10 per person per year).
However, how realistic are large increases in gasoline taxes? History has shown that raising prices is politically unfavorable. Voters and automakers would fight government efforts to impose higher gasoline, road, and other travel taxes if they perceived that there was no alternative to driving. In spite of this, however, in 2010 the Simpson-Bowles commission [39] proposed a 15-cent increase in federal gas tax (currently 18.4 cents a gallon for gasoline and 24.4 cents for diesel fuel) starting in 2013 (phased in by one cent every three months). While never instituted, it is one of many recent proposals to increase federal gas taxes over time.
Fuel Economy Dynamic Hypothesis
A dynamic hypothesis uses the datasets discussed in the last section to map out the causal connections between variables in a systemic context, whose visual depiction is commonly known as a Causal Loop Diagram (CLD; [40] ). These causal connections commonly form feedback loops, whereby changes in a given system are often the cause of the system itself, rather than shocks to the system that are delivered exogenously. The complete dynamic hypothesis is shown in Figure 4 with individual variables denoted in parentheses (for high-MPG vehicles only-others are denoted as 'other vehicle types' for graphical simplicity). It is important to note that positive links (+) denotes that a change in one variable will change another variable in the same direction, while negative links (-) denote that a change in one variable will have the opposite effect on another variable.
In order to create the major loops of the causal loop diagram, it is important to first observe several of the intervening causal effects of the CAFE standards that have non-intuitive effects. Although there are numerous factors affecting the attractiveness of new vehicles [29, 41] , I begin by collapsing these into three general factors: fuel economy, vehicle price, and vehicle comfort. Although these may be overly broad, they are useful factors for broadly exploring the causal dynamics of this system. To build the dynamic hypothesis, I also collapse the spectrum of available vehicle types into two categories, high-and low-MPG vehicles. However, for the actual quantitative system dynamics model, these two categories are explicitly used for cars, and another truck category is added to distinguish trucks, vans, and SUVs based on different applicable CAFE standards [21] .
We know that there is a positive effect on the fuel economy of the new vehicle fleet when automaker research and development towards fuel economy increases. We have represented this as MPG in Development for Vehicle (1; R&D). To present this in a causal fashion, we can imagine the MPG of the new vehicle fleet as a supply chain, with R&D represented as a flow of MPG into the new vehicle fleet. However, as R&D increases, the price of the new vehicle is likely to increase as well [8] , while the comfort of the new vehicle (10) will, ceteris paribus, decrease due to lowered weight and feature reduction to facilitate increased fuel economy [42] . This in turn, means that an increase in Comfort of Vehicle (10) Conversely, however, an increase in MPG in Development for Vehicle (1) will cause a decrease in Comfort of Vehicle (10) . This behavior alone explains much of the un-expected dynamics that have generated the stagnation of CAFE standards growth between when gas price dropped in the mid-1980s to the early-2000s; if fuel economy research and development is not coupled with high
MPG in Development for
Vehicle ( To understand the effects on a vehicle's ability to be sold, I assert that as one type of automobile becomes more attractive, its market share grows, which lowers the market share of other types of automobile. In the case where fuel-efficient vehicle attractiveness increases, the attractiveness of other vehicle types fall, which then increases the fuel economy of the new vehicle fleet (defined as all vehicles sold in the most recent year).
Concurrently, as a vehicle type becomes less attractive, the rate at which old vehicles of that type retire falls. This was illustrated when the average age of registered cars rose from 6.6 to 8.3 years between 1980 and 1993 [43] . Here, we can see the effect that the attractiveness of an automobile (3) has on both its desired life (4); the period before it is eventually retired to a junkyard) and on its market share of new vehicles being purchased.
The introduction of any change in CAFE standards causes a discrepancy between the current new-fleet fuel economy and the economy necessary to satisfy the new standards. To close this gap, R&D begins, and, after legislative and development delays (the time in necessary to put the new standard into law and for automakers to alter fuel economy), the new vehicle MPG adjusts accordingly. This adjustment is seen in the MPG of New Vehicle Type (9), which closes the gap between the new CAFE standard and the MPG of the new car fleet.
This model treats the CAFE standards themselves as exogenous variables. Modeling CAFE standards endogenously would necessitate a method of representing the political pressures that influence federal actions towards fuel economy. Therefore, a far more productive way of including the CAFE standards in this model is by viewing them as an exogenous variable whose increases are politically associated with high gas prices. The model does account for the fact that as gas prices increase, the average vehicle-miles-traveled (VMT) per car drops [8] , thereby causing a decrease in total fuel costs. However, until this system is modeled quantitatively, it is not possible to determine whether gas prices or the effect of gas prices on total VMT influences total Fuel Costs (11) more.
It is important to stress here that a major shortcoming of this model (and as I will discuss in the conclusions, an important area of future research) is that it does not incorporate feedback from increased fuel prices (through gas taxes or exogenous price spikes) to increased fuel economy. Fuel economy changes are instead modeled as entirely the product of changing CAFE standards. Under this view, the model explicitly asserts that the CAFE standards are the only mechanism that explicitly drives fuel economy R&D (I do not directly consider very complex relationship between gas taxes, consumer tastes, and R&D that each auto company defines for themselves). In Figure 4 , the dotted line represents a political (not modeled) link that represents one of the considerations that lawmakers face when posed with an increase to the CAFE standards.
One important limitation of this model is that there is no explicit link modeled between Fuel Costs (11) and fuel economy improvement (1) . That is, the model is not able to capture feedback between exogenous gas price spikes and the impetus for fuel economy improvements (i.e., MPG increases not mandated under the CAFE standards). Although this is an important dynamic, I leave this work to future research on this topic, as modeling the link between demand and supply of fuel economy will necessitate substantial additional model feedback structures.
The final piece of the dynamic hypothesis concerns the interaction between the CAFE standards and the fuel economy of the overall fleet. We can assert that the fuel economy of the overall fleet is a weighted average of the vehicle fleet still on the road. The causal link between the attractiveness of new vehicles and average vehicle life affects the overall fleet fuel economy by altering the number of new (and theoretically higher-economy) vehicles sold.
One of the most important interactions depicted within this dynamic hypothesis is the relationship between fuel economy Research and Development (1) and total Fuel Costs (11) . If R&D is not coupled with high gasoline prices, the negative effect of increased price and decreased comfort on the attractiveness of a new vehicle far outweighs the effect of increased fuel economy. This dynamic implies that decoupling CAFE standards and gas prices could be a main cause of market share migration to other low-economy vehicle types, thereby undermining the effect of fuel economy R&D altogether. In the next section, I use this dynamic hypothesis to construct a model that explains the historic behavior of automobile gasoline usage in the United States.
Modeling Automobile Gasoline Usage
The model structure is divided into the following sectors, which together generate the structural interaction diagram in Figure 5 :  Exogenous Variables-The major exogenous variables that we can classify here are gas prices and the CAFE standards. To properly model gas prices, I would need to employ a complex commodity model to generate the proper oscillatory behavior of gas prices. In the case of the CAFE standards, we see that they have been highly associated with the rate at which gas prices change (see Figure 1 and Figure 2 States over the last several decades; and (2) gas prices, which alter the amount that the average person is willing to drive. Each of these sectors is discussed in more detail in the following sub-sections.
Exogenous Variables and Data Sets
Although I use extensive data for model calibration (which is discussed below), only two datasets feed exogenous data in the model, gas prices and CAFE standards, which are taken directly from the National Highway Traffic Safety Administration (NHTSA; [21] ) and the U.S. Department of Energy (real prices, normalized to year 2005 dollars; [1] ).
It is important to note that throughout the model, I use a first-order smooth (delay of 3 years for producers and two years for consumers) of gasoline prices to eliminate rapid gasoline prices fluctuations and only send price signals when there are large gasoline price changes over a long period of time. When consumers purchase a car (or when automakers produce a car) I assume that the fuel prices will only factor into decision-making processes if gas prices remain at a high level over a long period of time. Therefore, I utilize the system dynamics technique of using a first-order smooth over a time period of 3 years for producers and 2 years for consumers.
R&D/Fuel Economy Development Sector
The structure of the fuel economy R&D development sector ( Figure 6 ) can be thought of as a supply chain, where any increases in R&D act to increase the flow of R&D already in production (measured as MPG/car/year), which flows into the New-Fleet MPG. This means that increases in R&D slowly increase the economy of new vehicles (after delays). A legislative delay of one year slows the flow of new R&D into the pipeline, which represents delays in setting CAFE standards and automakers re-allocation of R&D resources between projects.
I divide the new vehicle fleet into three vehicle types; the first is trucks, which include any vehicle under 8,500 lbs. that is not defined by the EPA as a car. Trucks are the largest, heaviest, and least fuel-efficient vehicle type. The second vehicle type is high-MPG Cars, which the smallest, lightest and most fuel-efficient cars that exceed the CAFE standard (typically compacts and sub-compacts). The third vehicle type, low-MPG Cars, lies between high-MPG Cars and trucks, and includes all cars that do not exceed the CAFE standards.
To divide new R&D among the different vehicle types, I simply assert that new R&D starts are based on the difference between the light truck CAFE standard and the new truck fleet MPG. For cars, I simply take the weighted average of car sales to determine the allocation of new R&D for the two car types. I replicate the structure in Figure 6 for low-MPG Cars and for trucks (accounting for different target values associated with truck CAFE standards). Finally, it is important to note that the 
New Car Sales Sector
To explore how new vehicle types gain and lose market share, I create an index for determining each vehicle type's relative attractiveness to that of other new vehicles: 
Using this renormalized Relative Vehicle Attractiveness index, it is easy to determine if a vehicle's market share will increase or decrease. Values greater than one signify that market share will increase, values <1, signify market share decrease, and values = 1 signify market share that is in equilibrium (any dynamics in the sector are driven by the other vehicle types).
As a baseline, the initial market shares of all vehicle types were calculated using estimates of real-world data in 1970 (data from 1975, the earliest available; [45] Initially, graphical functions were explored to connect each of these 'ratios' to vehicle attractiveness. While the causal relationships suggested that these functions were likely to be logistic in nature, the graphical functions were found to be extremely sensitive and largely arbitrary (little data informs these relationships). A solution was found by taking each one of these ratio factors as an input into a compounded (negative) logistic growth function:
Where K is a threshold or 'carrying capacity' value (taken as 10; [47] ), and F ratio , C ratio , and P ratio are the Fuel Costs (F), Comfort and Attractiveness (C), and Vehicle Price (P) ratios, respectively. To parameterize this function, three factors r F , r C , and R P are established logistic equation growth rates, and A F , A C , and A P are established as 'initial' values for the three vehicle attractiveness determinants. Given that data on the r and A parameters are unavailable (primarily since they represent previously unmeasured relationships), optimization/calibration procedures embedded in the Vensim DSS 5.11A software [48] were used to fit these parameters to available historic datasets on new
vehicle market share and fuel economy, fleet-wide fuel economy (for trucks and all cars), gasoline consumption, and vehicle miles traveled (VMT).
The Fleet Sector
The Fleet Sector constitutes a tracking system for the make-up of vehicles currently on the road. By multiplying the market share of each vehicle type (from the New Car Sales Sector) by the Desired Vehicle Sales, the fleet sector calculates the new purchases of each vehicle type. The total Desired Vehicle Sales is the number of vehicles of any type that can be sold in a year, constituting the consumer market for new vehicles (Time to Adjust Fleet =1 year):
[Desired Vehicle Sales] = ([Desired Fleet] -[Current Fleet])/[Time to Adjust Fleet] + [Vehicle retirements]
It is now imperative to age the vehicles by using a system dynamics structure known as an aging-chain [40] . Accompanying this, I can track each model-year's MPG by using a co-flow structure, which allows the model to track an attribute that is associated with another variable that is flowing between stocks. This structure is shown in Figure 7 , where the lower aging-chain tracks a variable whose units are MPG-cars, which facilitates accounting for fuel economy development. Each aging chain contains four stocks (not shown completely in Figure 7) , and any change in the average life of a car must be modeled by modifying the outflow from the final stock in the aging chain. As the attractiveness of new vehicles changes, the average age of old vehicles changes with the changing willingness of the public to purchase new automobiles. Therefore, as the Attractiveness of Old Vehicles increases, the lifespan of older vehicles increases as well, which I calculate using a third-order smooth of each vehicle type's new counterpart. The attractiveness of the new vehicle is then divided by the attractiveness of the old vehicle, and used as input into a linearly decreasing graphical function called the Effect of Attractiveness on Retirement. This relationship asserts that increases in new vehicle attractiveness above that of an old vehicle lead to vehicle retirement rate increases, and decreases in vehicle lifespan. When the attractiveness of new and old vehicles is the same, the life of an older vehicle remains the same as its initial value. By modeling the feedback between the attractiveness of new cars and the retirement rate of older cars, my goal is to gain insight into the dynamics affecting vehicle life increases during the 1980s and 1990s [23] , and continues today [49] . The last sector looks at the amount that the average consumer drives, which coupled with the Fleet Sector, will allow us learn how automobile usage has changed historically, and may change in the future.
The VMT Sector
The VMT sector calculates the average VMT that consumers drive their vehicles per year by multiplying the base VMT (1970 value) by an Effect from Gas Prices on VMT and adding another Effect from Lifestyle Changes on VMT (increases due to other macroeconomic and cultural factors; e.g., highway expansion and other lifestyle changes).
The Effect from Gas Prices on VMT uses the mean price elasticity of per-vehicle VMT assessed by a survey of literature by Goodwin, Dargay, and Hanly [34] , such that when gasoline price increases by 1%, VMT declines by 0.51%. The Effect from Lifestyle Changes on VMT [50] takes the form of simple ramp function that increases the per-vehicle VMT by 45 miles per year, as calculated from [20] and [51] . The historical values produced mirror real world values accurately and we see a constant increase in per-capita VMT (see Figure 1) . Now that the system dynamics model is complete, I will simulate the model and examine the results in the next section.
Model Results and Policy Analysis
I begin model testing and policy analysis by calibrating the model to historical data. Next, I discuss the model's historical base run-the model parameters that best represent the actual historical behavior of MPG development. This is followed by testing of a series of several different scenarios, including increased future CAFE standards and gasoline taxes, a scenario that equilibrates car and light truck CAFE standards, and a final scenario that combines several of the other scenarios to test their synergistic behavior.
Model Calibration
Model calibration was performed using the Vensim DSS 5.11A optimization procedure, which fits parameters to data sources using a pay-off function. To fit the payoff function to each data variable, the variable was weighted using the inverse of the maximum data value of the data [52]. This procedure converged on an overall solution over 2037 simulations, yielding the parameters values in Using these values in the negative logistic growth function, the parameterized model can be tested against a series of real-world datasets for the 1970-2010 period of calibration. These tests, shown in Figure 8 below, demonstrate a reasonable, although not perfect, fit to historical data values. 
Historical Base Case Run and Future Projections
The historical base case simply allows (1) The fraction of high-MPG cars (Figure 9a ) decreases in the early 1970s, increases in late 1970s with gas price increases, and then decreases continually as gas prices stay low throughout the 1980s and 1990s. In this simulation, the market share of trucks continues to increase (although the value in 2000 is not as high as the real life value). In 2011, approximately 52% of new vehicle sales were in the truck sector [55] . The model projects a sales figure at roughly 39%. Figure 9b shows the short-term changes in comfort that result from fuel economy and gas price changes, while Figure 9c shows the effects of changing gasoline prices on attractiveness. We see that, after a delay to develop more fuelefficient vehicles to meet new CAFE standards in the late 1970s, there is a spike in attractiveness in high-MPG cars and trucks to meet demand for more fuel-efficient cars during the period of increased gasoline prices. (e) (f)
In Figure 9d we can see the simulated effects of early gasoline price spikes on the average lifetime of vehicles, which mirror the attractiveness spike after the CAFE standards first kicked in and gas prices spiked in the late 1970s. More efficient cars were bought after the gasoline price spike in the late 1970s. When they are retired in the late 1980s when gasoline prices are low, we see a slow shift in market share towards trucks for the next several decades (and low-MPG cars during the 1980s), as exhibited in Figure 9a . It is important to note here that although data exists between 1995 and 2010 on vehicle average age, no consistent data exists that would allow robust calibration of this aspect of the model [56] . As a result, vehicle life simulations have a poor fit to actual data on vehicle life (see Figure 3b) . Improving this aspect of the model is a factor that I discuss in recommendations for further research in this article's conclusions.
The attractiveness of each vehicle type changes in response to both early fluctuations in gasoline prices and gradual decreases in comfort due to increased fuel economy. High-MPG cars (which proxy for small vehicles, as historical data measures) begin as the most common vehicle type, but decrease in market share in the 1970s as relatively attractiveness decreases with falling gasoline prices and shifts in market share towards trucks and low-MPG cars, which remain comparatively far more comfortable.
The average fuel economy of high-MPG cars grows in a goal-seeking pattern from 14.1 MPG to 36.4 MPG, while the fuel economy of low-MPG cars grows from 10.0 MPG to 25.8 during the 70-year simulation (Figure 9b) . The average fuel economy of all vehicles rises from 12 MPG to 26.8 MPG, falling from of 27.1 MPG in 2034 as light trucks continue to gain market share. The simulation extrapolates trends seen between 1970 and 2010 in the calibration procedure.
Imposing Increased CAFE Standards
Recent rule making by the NHTSA is intended to dramatically increase CAFE standards over the next 15 years. This run tests the case where CAFE standards are increased from their historical values in the year 2005. This would reflect the behavior of the automobile fleet if car and truck CAFE standards continue to be increased gradually to 2025 to 53.5 MPG and 40 mpg, respectively, as the NHTSA has proposed [17, 18] .
As shown in Figure 10a , the market share of each vehicle type does not change dramatically due to increases in the CAFE standards compared to the base can run in Figure 9a . In fact, market share for trucks actually grows (Figure 10b ), as trucks become more attractive due to lower total fuel costs caused by MPG development. The concentration of high-MPG cars in the vehicle fleet stays the same; customers now select vehicles in an environment with even larger discrepancies in required fuel economy standards (Figure 10c) , and become even more attracted to increasingly efficient, and comparatively more comfortable, trucks and low-MPG cars (Figure 10d ). Because gas prices remain the same, there is little incentive for customers to switch to high-MPG cars.
Increases in fuel economy (Figure 10c ) exhibit goal-seeking behavior as manufacturers forecast future CAFE standards (which are planned years ahead of time), and gradually meet these standards over time, thereby exhibiting a first-order smoothing behavior. Unfortunately, although Figure 10e shows that drivers consume less gasoline over the long term due to higher average fuel economy, drivers are more reluctant to purchase the fuel-efficient (high-MPG) cars due to decreased relative attractiveness. 
Imposing a Gasoline Tax
To test the effect of increased gasoline taxes on fleet fuel economy and gasoline conservation, I increase the price of gasoline (via a linear ramp function) to $2.71 a gallon by the year 2020 (CAFE standards remain at their historical values), after which they remain constant until 2050 (all values are taken as the 2005 real values; [57]). A priori, the hypothesis is that vehicle miles traveled are expected to exhibit some change as drivers decrease the amount that they travel.
As I stated before, a major limitation of this model is its inability to capture the feedback between exogenous gas price spikes and the impetus for fuel economy improvements (i.e., MPG increases not mandated under the CAFE standards). As a result, in this simulation, I will look purely at the effect of gas tax increases on the amount driven (VMT) and total gas consumption. In Figure 11a , we can see that, gasoline consumption decreases substantially to compensate for the increased price of fuel; once again, this assumes that regulatory standards are the only mechanism for increasing fuel economy and that manufacturers do not react independently to gasoline increases. In this case, we would expect fuel economy to increase outside of mandated standards, thereby decreasing marginal driving costs and closing any gap in gas consumption or VMT (Figure 11b ), as seen in the past [27] . Interestingly, although consumption levels are decreased relative to the base case, consumption continues to grow despite increases in the gasoline tax. Increases in the gasoline tax do not affect the system's tendency towards consumption growth (due to population growth and urban infrastructure expansion), but rather decrease the rate at which the growth occurs.
Closing the SUV Loophole
This policy analysis involves the closing of the "SUV loophole" [15] , whereby SUVs and other large vehicles (which have grown dramatically in market share over the last several decades (Figure 3a) ), are advantageously characterized as light trucks rather than cars under the CAFE requirements. By requiring SUVs, trucks, and minivans to maintain the same CAFE standard, fuel economy changes would universally affect all vehicles on the road, not just high-MPG cars. This simulation models regulation raising the truck CAFE standard to the same value proposed for cars (53.5 MPG) by 2025. Figure 12a shows the increase in the life of trucks with increased CAFE standards, as consumers keep their more comfortable, older trucks longer. Figure 12b shows major decreases in truck attractiveness as the CAFE standards are equilibrated, leading to major decreases in truck market share (Figure 12c) . Finally, Figure 12d shows the differences in the fleet's average fuel economy as truck standards are increased, both in comparison to the base case, and in comparison the car-only CAFE standard increases described earlier. In this case, we see the most substantial improvements in average fuel economy of the overall vehicle fleet of any individual policy tested. 
Combined Increases in Gasoline Taxes and CAFE Standards
In the final policy analysis simulation, the previous three tests are combined to determine the effects of concurrent increases in CAFE standards and gasoline price on gasoline consumption and fleet fuel economy. As in the last 'CAFE equivalency' test, light truck and car CAFE standards are increased to the same standard of 53.5 MPG by 2025, while gasoline price is raised to $2.71 per gallon by 2016 in the same manner as the test described in the gas tax increase scenario. Figure 13a shows that, like the previous scenario, low-MPG cars now become the most attractive vehicles on the road. High comfort values and increased fuel economy make this vehicle type very attractive. In Figure 13b , we see light-truck market share declines heavily in comparison to the car-only CAFE increase and the base case scenarios where it previously been dominant. As more drivers seek cars (including the low-MPG cars that now dominate market share), the fleet-wide, average fuel economy will increase towards the 'final' CAFE standard of 53.5 MPG; Figure 13c shows this behavior, where fleet-wide average fuel economy begins to increase in 2012. Figure 13d compares gasoline consumption for the entire vehicle fleet for all five runs, including the Base Case, car CAFE Increase, Gasoline Tax Increase, Closing the SUV Loophole, and the Combined Policy run. The combined policy of increasing the gasoline tax and CAFE standards concurrently represents the best method of reducing gasoline consumption over the long term. With a relatively small increase in the gasoline tax, increases in CAFE standards, and a closure of the SUV/truck loophole, the fuel economy of the American vehicle fleet increases dramatically. Finally, Figure 13e shows that under the combination scenario, drivers reduce their VMT by 212.75 billion miles per year under that of the SUV loophole closure scenario. Figure 13d , also reveals a 4.042 billion gallon fuel use difference between these two scenarios.
Conclusions and Recommendations
The outcomes of these simulations speak directly to the economic environment in which fuel economy policy, consumer behavior, and technological research and development are conducted. This article's simulations reveal that when increases in mandated fuel economy occur in an economic climate with relatively low fuel costs (relative to income), new vehicle fuel economy increases can easily be counteracted by rapid shifts in tastes of consumers towards larger, more comfortable automobiles. This is the most pervasive behavior observed in this system. Adjustment to either individual policy 'lever,' whether it be isolated changes in CAFE standards or gas prices, can cause policy resistance on the part of the public due to either the lack of incentive to purchase new fuel-efficient automobiles (when CAFE standards are increased), or due to the lack of choices that consumers have of high-MPG vehicles that would assist in reducing the now higher fuel costs (when gas prices are increased). Furthermore, adjustments to CAFE standards alone could incur future rebound effects such as those observed historically [12] , whereby higher fuel economy did not lead to decreased overall fuel consumption. However, concurrent adjustment to both policies encourages both reduced VMT and a high turnover rate of older, less fuel-efficient vehicles [58] .
The overriding lesson is that gasoline price increases and CAFE regulatory strategies must be employed jointly. As the final simulation shows, a combined strategy will be likely be far more effective than isolated strategies involving mandated CAFE increases or gasoline taxes alone. This combination of polices would provide the incentives necessary to influence consumers and automobile manufacturers to shift towards production of higher efficiency vehicles in ways that minimize welfare losses.
Minimizing welfare losses involves the use of pricing and other regulatory structures for influencing the supply and demand for gasoline together with technology and infrastructure options that expand consumer choice and promote efficiency. For example, a 'feebate' approach [59] could be taken, pairing a tax on very inefficient automobiles with subsidies for the development of new, low cost vehicle and energy technologies. This Pigouvian tax would send a dual price signal to manufacturers and consumers that internalizes the social benefits of producing and purchasing high efficiency vehicles [60] .
Recommendations for Further Research
Extensions to this study could include better use of historical data on the weights that consumers place on the different attractiveness attributes associated with the purchase of a new vehicle. Using data such as the APEAL studies by J.D. Power and Associates, which measure the weights that consumers have historically placed on different attractiveness factors when buying a new vehicle, could vastly improve the accuracy of this model. Although collecting this data fell outside the scope of the current study, further research should investigate how these weights are formed and what influences them.
Perhaps the two most important areas of expansion to the model that would add substantial capability involve (1) the introduction of feedback structures that internalize the effects of gas price increases on fuel economy development; and (2) introduction of improved model structures governing the average life of vehicles. Enhancing the model's ability to accurately replicate effects of CAFE standards and gas prices on vehicle life would be extremely interesting, and would allow further exploration of the effects of changes in either policy. To date, little work has defined direct statistical relationships between vehicle life and CAFE standards.
What happens if an increase in gasoline taxes does not occur in an environment where the new vehicle fleet has improved fuel economy and will entice owners to purchase new vehicles? Will we simply see consumer hesitance towards new vehicle purchases as occurred in the early 1980s [10] ? If the marginal cost of driving is high, and consumers can turn to the new vehicle fleet to alleviate that extra cost, vehicle owners might be, at that point, willing to trade in their own vehicles for new, more fuel-efficient trucks. As a result, we might expect to measure vehicle lifespan decreases as consumers are incentivized to purchase new, more fuel-efficient vehicles.
The question for future research on this model becomes, do these policies, in combination, influence American drivers to improve fuel economy without inducing drivers to increase the amount that they drive, thereby decoupling vehicle fuel economy and total gasoline consumption?
Other avenues to improve this model include detailed sensitivity testing and exploration of new model structures that would help to improve model function. For example, sensitivity testing could help better evaluate how the assumptions in this model affect the dynamics connecting attractiveness attributes of vehicle types to their market share, as well as different assumptions about delays in the system. Future explorations of new model structures should look more closely at the relationship between old and new vehicle attractiveness. Creating a more realistic relationship (e.g., assuming that the attractiveness of old vehicles should be a third-order smooth of the average attractiveness of the new vehicle fleet across all vehicle types) could improve the performance of the model, particularly in instances when high-economy cars become highly desirable, yet the retirement rate for trucks and loweconomy cars remains low.
These model extensions, coupled with more extensive policy testing, would go towards creating a more accurate and useful model for understanding the effects fuel economy policy and gasoline taxation in the United States. 57. Although recent (2012) gas prices are much higher, it is important to note that between 1970 and 2010, the average (inflation adjusted) price of gasoline was $1.82 (2005$). Therefore, an increase of gas prices to $2.71 (15 cents over the 2010 average price of $2.56) is actually quite expensive compared to historical values. 58. In the gas tax increase and combination policy scenarios, average VMT continues to climb despite the higher price of gasoline. Testing on this variable reveals sensitivity issues; VMT increases most likely would not occur in an environment where gas prices had just doubled. The formulation for VMT in this model includes a ramp function that works independently of gasoline price and mimics an increasing population of vehicle owners. If gasoline prices doubled, there might also be more reluctance for future vehicle owners to actually purchase a car. That being said, in this situation, intuition suggests that overall VMT should decline. In addition to this, if gasoline prices doubled, current vehicle owners would most likely limit their leisure drives and other unnecessary trips. While this feedback is indeed formulated in this model, the VMT equations are not sensitive enough to result in an adequate reduction in VMT for larger gas tax scenarios.
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